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Congenital diseases caused by abnormal development of the cranial neural crest usually present
craniofacial malformations and heart defects while the precise mechanism is not fully understood. Here,
we show that the zebraﬁsh eif3ba mutant caused by pseudo-typed retrovirus insertion exhibited a
similar phenotype due to the hypogenesis of cranial neural crest cells (NCCs). The derivatives of cranial
NCCs, including the NCC-derived cell population of pharyngeal arches, craniofacial cartilage, pigment
cells and the myocardium derived from cardiac NCCs, were affected in this mutant. The expression of
several neural crest marker genes, including crestin, dlx2a and nrp2b, was speciﬁcally reduced in the
cranial regions of the eif3ba mutant. Through ﬂuorescence-tracing of the cranial NCC migration marker
nrp2b, we observed reduced intensity of NCC-derived cells in the heart. In addition, p53 was markedly
up-regulated in the eif3ba mutant embryos, which correlated with pronounced apoptosis in the cranial
area as shown by TUNEL staining. These ﬁndings suggest a novel function of eif3ba during embryonic
development and a novel level of regulation in the process of cranial NCC development, in addition to
providing a potential animal model to mimic congenital diseases due to cranial NCC defects.
Furthermore, we report the identiﬁcation of a novel transgenic ﬁsh line Et(gata2a:EGFP)pku418 to trace
the migration of cranial NCCs (including cardiac NCCs); this may serve as an invaluable tool for
investigating the development and dynamics of cranial NCCs during zebraﬁsh embryogenesis.
& 2013 Elsevier Inc. All rights reserved.Introduction
Neural crest cells (NCCs) are derived from embryonic neuroe-
pithelium. During early development, they migrate and participate in
the formation of distinct tissues and organs, such as cartilage,
pigment cells, smooth muscle, and heart (Sauka-Spengler and
Bronner, 2010; Theveneau and Mayor, 2012). In the traditional
classiﬁcation, the NCCs between the embryonic telencephalon and
the ﬁfth somite are deﬁned as cranial NCCs, which mainly give rise to
cephalofacial cartilage, pigment cells and a portion of the cardiovas-
cular system. As a subdivision of the cranial NCCs, cardiac NCCs are
located between the mid-otic placode and the third somite. This type
of NCCs migrate through the pharyngeal arches, enter the heart to
form the outﬂow tract (OFT), and play important roles in heart
morphogenesis (Farrell et al., 1999; Kirby and Waldo, 1990;
Theveneau and Mayor, 2012). In zebraﬁsh (Danio rerio), cardiac NCCs
migrate and participate in the formation of the myocardium of the
whole heart, including the myocardium in the bulbus arteriosusll rights reserved.(the equivalent of the OFT), the atrium and the ventricle (Li et al.,
2003; Sato and Yost, 2003). During early developmental stages, the
migration and differentiation of cranial NCCs coincide with dramatic
cell proliferation (Berndt, 2006).
The spatiotemporal distribution of NCCs is highly dynamic and
dispersive, which makes tracing their migration during early
development difﬁcult. In zebraﬁsh, the transparency of the embryos
provides a special advantage in tracking ﬂuorescent proteins to
observe the spatiotemporal expression of particular genes or the
movement of particular cells. A zebraﬁsh gene trap line Gt(foxd3-
citrine)ct110a was reported to be useful for analyzing the dynamic
aspects of early neural crest development from 2 somite stage (ss)
to 18 ss (Hochgreb-Hägele and Bronner, 2013). Fish lines driven by
sox10 (SRY-box containing gene 10) promoter/enhancer have been
reported to be able to reveal live images of NCCs expressing sox10.
Although these transgenic ﬁsh lines are excellent tools for studying
the dynamics and development of NCCs and their derivatives, the
GFP-expressing cells do not migrate into the heart (Carney et al.,
2006; Dutton et al., 2008).
Several strategies are available in other model organisms for NCC
fate analyses, such as generating quail-chick chimeras in chick
embryos by transplantation, and the Cre-loxP systems in mice, such
Z. Xia et al. / Developmental Biology 381 (2013) 83–9684as P0-Cre or Wnt1-Cre transgenic mice crossed with diverse indi-
cator transgenic mice to generate recombinants, in which reporter
genes are expressed in the NCC lineage (Dymecki and Tomasiewicz,
1998; Kawakami et al., 2011; Yamauchi et al., 1999). Recently, the
Cre-loxP method has also been established in zebraﬁsh NCC fate
mapping (Collins et al., 2010). Although a novel Cre-loxP system
driven by the sox10 promoter that labels the zebraﬁsh neural crest
has been reported, the slow folding of the DsRed protein limits its
application in investigating the early development of zebraﬁsh NCCs
(Mongera et al., 2013; Rodrigues et al., 2012). And again, cardiac NCCs
are still not detectable in these systems.
The spatial and temporal signaling network required for
regulating the migration, differentiation and proliferation of cra-
nial NCCs must be tightly controlled. A large number of congenital
anomalies have been reported to be due to defects in this process
(Cordero et al., 2011). Abnormal cranial NCC development con-
tributes to the most cases of human birth defects, which tend to
have both craniofacial malformations and heart defects (Bajpai
et al., 2010; Jerome and Papaioannou, 2001). It is notable that, as in
most reports, the genes involved in neurocristopathies are those
encoding proteins essential for the basic activities of all cells, such
as PTPN11 encoding the tyrosine phosphatase SHP2 in Noonan and
LEOPARD syndromes (Stewart et al., 2010); TCOF1 encoding the
nucleolar phosphoprotein Treacle in Treacher Collins syndrome
(Jones et al., 2008); CHD7 encoding an ATP-dependent chromatin
remodeler in CHARGE syndrome (Bajpai et al., 2010); HDAC3
encoding histone deacetylase 3 in DORV, PTA and type B IAA
abnormalities (Singh et al., 2011); and HOXA1 in BSA and ABD
syndromes (Makki and Capecchi, 2012). However, why mutations
in these house-keeping genes tend to speciﬁcally disturb neural
crest development, whether there are other house-keeping genes
that function similarly, and the exact mechanism involved in these
or other related neurocristopathies are still not fully understood.
The maintenance of cell homeostasis and the regulation of cell
proliferation depend largely on the regulation of RNA transcription
and protein translation. As important regulators of protein synthesis
and cell proliferation, the eukaryotic translation initiation factors (eIFs)
are essential for the health of cells and also important in early
development (Hershey, 2010). eIF3b (also called p116 in mammals
and prt1 in yeast) is one of the major subunits of the eIF3 complex.
The eIF3b N-terminus contains an RNA-recognition motif (RRM;
Browning et al., 2001; Hinnebusch, 2006), which is a key domain
required for the recruitment of 5′-capped mRNAs and binding of the
40s ribosomal subunit (Dong and Zhang, 2006; Herrmannova et al.,
2012; Valasek and Pan, 2001). However, unlike the putative functions
of eIF3b in regulating the initiation of translation and cell proliferation,
other roles of this subunit, such as that in early development, are
not clear.
In this work, we identiﬁed a mutant of the eif3ba gene exhibiting
cranial NCC defects, and a new transgenic ﬁsh line, Et(gata2a:
EGFP)pku418, which is suitable for tracing cranial NCCs and cardiac
NCCs. We then focused on the analysis of the gene eif3ba and its
mutant, and revealed an important function of this gene in the
development of cranial NCCs in zebraﬁsh.Materials and methods
Zebraﬁsh and embryos
Adult zebraﬁsh were maintained under standard conditions
(Westerﬁeld, 2006), and embryos were staged by standard meth-
ods (Kimmel et al., 1995). Transgenic ﬁsh lines Et(gata2a:EGFP)pku3
(Huang et al., 2011) and Et(gata2a:EGFP)pku418 were generated from
a Tol2 transposon-based large-scale enhancer trap screen (Huang
et al., 2013).Mapping retrovirus and Tol2 transposon integration sites
To identify the eif3ba mutant ﬁsh line, the technique of linker-
mediated PCR (LM-PCR) was used as described previously (Wang
et al., 2007). A BLAST search on the Ensembl genome server (Zv9) was
performed to map the proviral insertion site 〈http://www.ensembl.
org/Danio_rerio/blastview〉. A similar LM-PCR technique was used to
identify the Tol2 transposon insertion site in Et(gata2a:EGFP)pku418
enhancer trap ﬁsh line (Huang et al., 2013). Brieﬂy, genomic DNAwas
extracted from ﬁve individual GFP+/− embryos and ﬁve mixed GFP−/−
siblings after proteinase K digestion. Two linkers (linker 1,5′-GGAT
TTGCTGGTGCAGTACAGGCCTTAAGAGGGAC-3′; and linker 2,5′-PO4-
TAGTCCCTCTTAAGGCCT-NH2-3′) were diluted to a ﬁnal concentration
of 100 μM in STE buffer (10 mM Tris, pH 8.0; 50 mM NaCl; and 1 mM
EDTA), mixed to a ratio of 1:1, then heated to 98 1C and annealed by
cooling down slowly from 98 1C to 4 1C (at 1 1C/min). The genomic
DNA was digested withMseI at 37 1C for 4 h, followed by inactivation
of the enzyme at 65 1C for 20 min, and ligated with the annealed
linkers by T4 ligase (NEB) at 16 1C overnight. The genomic DNA
fragments ﬂanking the insertion site were ampliﬁed by nested-PCR.
The PCR products were resolved on 3% agarose gel and recovered for
sequencing.
Microinjection of mRNA and morpholino
Total RNA was extracted with Trizol reagent (Invitrogen) and
reverse-transcribed with the Reverse Transcription System (Pro-
mega). The complete sequence of eif3ba cDNA was cloned and
ligated to the pCS2 plasmid, linearized by NotI and transcribed with
a mMESSAGE mMACHINE kit (Cat #AM1344, Ambion). The mRNA
encoding eif3ba was injected into one-cell stage zebraﬁsh embryos
at 400–500 pg/embryo. The sequence of the p53 morpholino (MO)
was 5′-GCGCCATTGCTTTGCAAGAATTG-3′ (Robu et al., 2007), and it
was injected into one-cell stage embryos at 5 ng/embryo.
RT-PCR and in situ hybridization
The primers designed for eif3ba RT-PCR were as follows:
forward, 5′-GGAGGCCGAAATGGAGTATGACG-3′; and reverse,
5′-GGTCTTTCCATCTGCGTCAGGGTAG-3′. For in situ hybridization,
we essentially followed the protocol described by Thisse and Thisse
(Nature Protocols, 2007) with minor modiﬁcations (Xue et al.,
2010). All the probes used were cloned into pEASY-T3 (Trans-gene
Co.), and the probe lengths were ∼1 kb.
Cell number evaluation by FACS analysis
To calculate the amount of EGFP-positive cells in the Tg(myl7:
EGFP) ﬁsh line, we digested the wild-type or mutant embryos
(20 embryos as a group) in 2.5% trypsin, and then rinsed and
collected the cells in PBS. To calculate the amount of EGFP-positive
cardiomyocytes in the Et(gata2a:EGFP)pku418 ﬁsh line, we separated
the intact heart from the whole embryo by pipetting the whole
embryo through a 1-mm capillary, and collected ∼70 individual
hearts from each group. Then, we digested the isolated hearts in
groups in 2.5% trypsin, and rinsed and collected the cells in PBS as
described previously. We analyzed the number of ﬂuorescent cells
by FACS (BD FACS Calibur).
Immunoﬂuorescence staining
The embryos were ﬁxed in 4% paraformaldehyde (PFA) overnight
and permeabilized with acetone or Triton X-100, followed by rinsing
several times in PBST buffer and then blocked in 1% goat serum. For
phosphohistone-H3 staining, pH3 Ser 10 (Santa Cruz) was used as
the primary antibody, and FITC-goat anti-rabbit (Invitrogen) as
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staining, zn5 (CM, 111605; Zheng et al., 2012) was used as the primary
antibody, and Texas red-goat anti-mouse (Proteintech Group) as the
secondary antibody. For pan-cadherin staining, Anti-Pan Cadherin
(Sigma) was used as the primary antibody, and FITC-goat anti-rabbit
(Invitrogen) as the secondary antibody. For EGFP staining, Anti-EGFP
(Proteintech Group) was used as the primary antibody, and FITC-goat
anti-rabbit (Invitrogen) as the secondary antibody.Alcian blue staining
Alcian blue (Sigma) was used for skeletal staining of 72 hpf
(hours post-fertilization) embryos. After 4% PFA ﬁxation overnight,
the embryos were transferred into a 0.1% solution of Alcian blue
dissolved in 80% ethanol. Then the embryos were rinsed in PBST
buffer and tissues were digested in 0.05% trypsin. Pigments were
removed in 3% hydrogen peroxide.Real-time RT-PCR and TUNEL assay
The primers (for human EIF3B, forward primer: 5′-CGGGCCTGAG-
GAGTATGAAC-3′, reverse primer: 5′-TGACCGTGCAGTCCGAAGT-3′)
for real-time RT-PCR were designed with Primer Express 3.0, and
the 7500 Real Time PCR system (Applied Biosystems) was used. For
TUNEL assays, an In Situ Cell Death Detection Kit (Cat. no. 12 156 792
910, Roche) was used according to the manufacturer's instructions.Cell culture, transfection and Western blot
HeLa cells seeded on 6-well plates (Costar 3516, Corning Inc.)
were transfected with siRNA using Lipofectamine 2000 (Invitrogen)
according to the protocol provided by the manufacturer 〈http://
tools.invitrogen.com/downloads/HeLa_RNAiMAX.pdf〉. The siRNAs
used were produced by Invitrogen; the sequences targeting human
EIF3B were as follows: #GCAAATTCTTTGCCAGAAT (#1387), #GCCT
GGGAACCAAATGGAA (#1788), #CCGCGGATATCTGTGTCTT (#1836),
and the sequence of the negative control was #UUCUCCGAACGU-
GUCACGUTT. For Western blot, we followed the standard protocol
provided by Abcam and used the antibodies produced by Santa
Cruz (anti-p53, human: sc-53394, anti-GAPDH: sc-25778, and anti-
Actin: sc-1615). The antibody against zebraﬁsh p53 was a gift from
Professor David P. Lane (Lee et al., 2008). The intensity of the bands
was analyzed with Odyssey software and normalized to GAPDH
(human) and Actin (zebraﬁsh).Imaging and processing
Generally, zebraﬁsh embryos were anesthetized with 0.02%
tricaine (ethyl m-aminobenzoate, 1 M Tris–HCl, pH 9.0), positioned
in 2% methyl-cellulose, and examined under microscopes men-
tioned below. The phenotype was ﬁrst evaluated under a stereo-
microscope (Stemi 2000-C; Zeiss, Germany) and then under a
compound ﬂuorescence microscope (AXIO Imager.Z1; Zeiss, Ger-
many). In situ hybridization images were taken under the stereo-
microscope. EGFP and mCherry expression were visualized and
recorded under the compound ﬂuorescence microscope. All the
bright ﬁeld images were taken using an AxioCam MRc 5 (Zeiss,
Germany), and some of the ﬂuorescence images were taken using
an AxioCam MRm (Zeiss, Germany). For confocal images, an LSM-
710 NLO&DuoScan system (Zeiss, Germany) was used.Results
eif3ba mutation causes a phenotype resembling a subset of typical
neural crest cell defects
We isolated a mutant ﬁsh line called No. 12615 from our pool of
retrovirus insertional mutations reported previously (Wang et al.,
2007). Under microscopic inspection, the phenotype could not be
distinguished at 24 hpf (Fig. 1A, B). At 28 hpf (hours post-fertilization),
homozygous embryos carrying the 12615 insertion started to present a
phenotype showing less pigmentation and mild edema of the
pericardial cavity (Fig. 1C, D). At 2 dpf (days post-fertilization), a more
severe phenotype resembling a subset of typical neural crest cell
defects was observed, displaying the following features: malforma-
tions of the head with microcephaly, coloboma of the eye with
microphthalmia, delayed pigmentation, and heart defects, including
an elongated heart due to incomplete looping, along with an
intumescent pericardial cavity and venous sinus (Supplementary
Fig. 1A–D′). In addition, the mutant embryos started to look hypo-
trophic, and abnormal circulation was also observed at ∼2 dpf with
much less blood ﬂow throughout the vasculature, usually only cell by
cell, and occasional backﬂow (Supplementary videos 1 and 2).
Supplementary material related to this article can be found
online at http://dx.doi.org/10.1016/j.ydbio.2013.06.009.
Using LM-PCR and analysis of the sequences ﬂanking the
proviral integration site within the Ensembl zebraﬁsh genome
assembly Zv9, we mapped the proviral integration to the second
exon of the eif3ba gene (Gene ID: ENSDARG00000059654; Fig. 1E).
Interestingly, only 595 bp of one end of the retrovirus (RV)
sequence was inserted for unknown reasons (the full length of
the RV sequence is 6033 bp). The second exon of eif3ba encodes
part of RRM, the most important domain of Eif3ba protein (Fig. 1F).
RT-PCR showed that eif3ba mRNA level was dramatically reduced
in the mutant embryos, although a faint and longer band spanning
the 595-bp RV sequence was detectable (Supplementary Fig. 1E).
This result indicated that the proviral integration interrupted the
normal transcription of eif3ba and caused an immediate and pre-
mature stop codon in the remnant of the aberrant transcript,
which encoded a truncated protein (Fig. 1E, F′).
One quarter of the offspring of the carriers presented the above-
mentioned defects, indicating that the mutation was recessive. The
heterozygous offspring were viable and fertile, with a slightly lighter
pigmentation than that of their wild-type siblings (data not shown).
However, the homozygous embryos died at ∼5 dpf, due to progres-
sive circulatory failure. The mutant phenotype was largely rescued by
microinjection of wild-type eif3bamRNA into one-cell stage embryos
(Fig. 1G–I, and Supplementary video 3). The injected mutant embryos
developed much darker pigmentation than the controls (un-injected
mutants), and the head was morphologically more normal. In
particular, more blood cells were ﬂowing in the vessels. These data
suggest that the abnormal expression and function of eif3ba are
associated with the phenotype presented in the mutant embryos.
Supplementary material related to this article can be found
online at http://dx.doi.org/10.1016/j.ydbio.2013.06.009.
We then assessed the expression pattern of eif3ba by whole-mount
in situ hybridization. Despite the fact that eif3ba was expressed in the
whole embryo during early development (Supplementary Fig. 1F–I′),
surprisingly, its expression gradually narrowed down to a region at the
anterior end at 20 ss (Supplementary Fig. 2J, J′). From 24 hpf to 48 hpf,
the expression of eif3ba in the cranial region, especially at the
branchial arches, was much stronger than in the trunk (Supplemen-
tary Fig. 1K–L′). Although the eif3ba gene was thought to be active over
a much broader region, we found relatively limited and speciﬁc
expression in the cranial region of zebraﬁsh 20 ss for 48 hpf, which
suggest that, during these developmental stages, eif3ba has some
speciﬁc function in the cranial tissues.
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Fig. 1. Phenotype analysis and proviral insertion mapping of zebraﬁsh No. 12615 retrovirus insertional mutant. (A)–(D) Images of the phenotype of No. 12615 homozygous
mutant embryos under bright-ﬁeld. At 24 hpf, the mutant embryo (B) is indistinguishable from the wild-type (A); at 28 hpf, the mutant embryo (D) exhibits less
pigmentation (red arrowhead) and slight edema of the pericardial cavity (blue arrowhead) than those of the wild-type (C). (E) eif3ba gene structure. Exogenous retroviral
(RV) sequence (red box) inserted into the 2nd exon of eif3ba gene, and resulting in a pre-mature stop codon ‘TGA’. (F, F′) Predicted protein structure of Eif3ba, with part of the
second and third exons encoding the important RNA-recognition motif (RRM) domain (orange bar) (F), while in the mutant, the ‘TGA’ stop codon in the proviral sequence
leads to the production of a truncated protein which breaks the RRM domain at the second exon (F′). (G)–(I) The mutant embryos are largely rescued by injecting eif3ba
mRNA. The injected mutant embryos (n¼30/30) (I) show more pigmentation than the control (H) at 2 dpf, and the head morphology is more normal. (J)–(K′) The expression
of crestin in the mutant embryos compared with the wild-type at 24 hpf. The expression of crestin dramatically decreased in the mutant embryos, speciﬁcally in the cranial
region (red triangles) and the branchial primordia (red arrows). WT, wild type; Mut, eif3ba mutant. (A–D, G–I, J, K) Lateral view with anterior to the left and dorsal up; (J′, K′)
dorsal view with anterior to the left.
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were mainly in the neural crest derivatives and the mesoderm-
derived circulatory system at ∼2 dpf, we wondered which was the
primary defect occurring at earlier developmental stages. For this
purpose, we examined the expression of several marker genes, inclu-
ding both the pan neural crest marker crestin and markers of meso-
derm tissues at three different developmental stages: 24 hpf, when
there was still no visible phenotype to distinguish the mutants from
wild-type; 28 hpf, when the mutants started to present less pigmen-
tation and a mild intumescent pericardial cavity; and 36 hpf, the stage
before a much more severe phenotype appeared in the mutants.
Interestingly, dramatically reduced expression of crestin was
found in the cranial region and branchial primordium in the eif3ba
mutants, while the trunk NCCs appeared normal at 24 hpf (Fig. 1J–K′).
In contrast, the mesoderm markers, including hbae3, myhz and ﬂk,
were expressed normally at 24 hpf and 28 hpf, and started to showreduced staining in the mutants at ∼36 hpf (Supplementary Fig. 2
A–R). Since the NCCs come from the neuroepithelium, we examined
the development of the whole facial epithelia. In situ hybridization of
tuba and pan-cadherin immuno-staining was performed on 24 hpf
embryos, and little difference was found between the wild-type and
the eif3ba mutants (Supplementary Fig. 2S–V). This result indicates
that the development of the cranial neural crest in eif3ba mutants is
speciﬁcally affected before or at 24 hpf.
Considering the speciﬁc down-regulation of crestin expression
in the cranial region, and the distinct cranial neural crest-derived
phenotype in the eif3ba mutants as well as the strong expression
of eif3ba in the branchial primordium at 24 hpf, which coincides
with the migration route of cranial NCCs, we conclude that the
cranial neural crest is primarily the ﬁrst tissue to present defects in
the eif3ba mutant. We then focused on analysis of the primary
defects of the cranial neural crest in the eif3ba mutant.
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are hypogenetic in eif3ba mutant embryos
To identify the time point when the cranial neural crest starts to
present developmental defects at molecular level, we ﬁrst investi-
gated the expressions of a collection of transcription factors that are
critical for various aspects of early NCC development, including the
establishment of competence of the neural-plate border territory to
induce NCCs (pax3a, foxd3; Morgan et al., 2008; Scholl and Kirby,
2009), NCC migration and differentiation (tfap2a; Barrallo-Gimeno
et al., 2004), and NCC survival and multipotency maintenance
(sox9b, sox10; Cheung et al., 2005; Rinon et al., 2011). However,
the expression of none of the above marker genes was signiﬁcantly
changed in eif3ba mutant embryos from the bud stage to 10 ss
(Supplementary Fig. 3A–N). We then continued to analyze the
expression pattern of the pan-neural crest marker crestin in both
wild-type and mutant embryos. From 12 ss to 16 ss, the expression
patterns of crestin did not differ (Supplementary Fig. 3O, P, and
Fig. 2A, B). Until ∼20 ss, we started to observe reduced crestin
staining in the head of the mutants (Fig. 2C, D).
The actively expanding cranial NCCs interact with the facial
prominences and maturing pharyngeal arches to assemble the
craniofacial region (Cordero et al., 2011; Knight et al., 2005); mean-
while, one subset of the NCCs, the cardiac NCCs, also migrate out of
the neural tube into the PA region, and pause to populate the
mesenchyme of the PAs (Snider et al., 2007; Waldo et al., 1999;
White et al., 2011). Therefore, proper development of the PAs is a key
point in directing the normal development and migration of cranialnr
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Fig. 2. Abnormal development of cranial NCCs and their derivative tissues in the eif3bam
at 16 ss and 20 ss. While at 16 ss, there is little difference in the staining betweenwild-ty
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embryos as revealed by in situ hybridization. The expressions of both dlx2a (E, F) and nrp
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the left and dorsal up; (E–H, M–P) dorsal view with anterior to the left; (I′, J′) ventral vNCCs. In addition to crestin described above, we examined the
expression of dlx2a (distal-less homeobox gene 2a) and nrp2b (neuro-
pilin 2b), two markers that are also expressed in the branchial
primordium derived from migrating cranial NCCs (Sperber et al.,
2008; Yu and Moens, 2005). The staining of dlx2awas weak and that
of nrp2b was absent in the mutant embryos (Fig. 2E–H). In addition,
abnormal PA structure was detected in the mutants by vgll2a and
sox9a in situ hybridizations. vgll2a is reported to be required for
cranial NCC survival in the PAs (Johnson et al., 2011), and sox9a is
important during the PA cartilage development. There was no
expression of vgll2a in the eif3bamutants, and the expression pattern
of sox9a was fuzzy, in clear contrast to the well-organized arches in
the wild-type embryos (Fig. 2I–L). However, the endoderm-derived
pharyngeal pouches were not affected in the mutants (Supplemen-
tary Fig. 4A, B). This result conﬁrms our previous conclusion that the
development of cranial NCCs is affected in eif3ba mutants.
In order to test this hypothesis further, we examined the
structure of facial cartilage in mutant embryos by Alcian blue
staining as well as sox9a in situ hybridization (Fig. 2M–P), since a
subset of cranial NCCs exclusively gives rise to facial cartilage. The
head of the ﬁsh unfolded gradually after 24 hpf, and at 72 hpf, the
facial cartilage in the wild-type embryos generally formed. How-
ever, the facial cartilage of the mutants was completely absent
according to the results shown by both Alcian blue staining and
sox9a in situ hybridization. Considering that, at later development
stages, there were also defects in the mesoderm-derived tissues of
the eif3ba mutants, it was not surprising that the mutant embryos
lacked both the cranial neural crest-derived cartilage and the48 hpf
72 hpf
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Mut
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utant. (A)–(D) The expression of crestin in the mutant compared with the wild-type
pe and mutant embryos(A, B), the expression of crestin starts to decrease speciﬁcally
ial NCCs in the branchial primordia differs between the mutant and the wild-type
2b (G, H) are reduced in the branchial primordia (red arrows) of mutant embryos at
hybridization of vgll2a at 48 hpf and sox9a at 72 hpf. (M)–(P) At 72 hpf, the facial
g (O, P). WT, wild type; Mut, eif3ba mutant. (A–D, I, J) Lateral view with anterior to
iew with anterior to the left.
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et al., 2012). These data show that, in the eif3ba−/− background,
the cranial NCCs and their derivative tissues are unable to main-
tain normal development.Abnormal heart development of eif3ba mutant is caused by a cardiac
neural crest defect
The most notable phenotype of the eif3ba mutant in later
developmental stages was the abnormal circulation, which was
lethal ∼5 dpf. At the same time, abnormal elongation of the heart
was clearly visible in mutant embryos (Supplementary Fig. 1C–D′).
Since we have demonstrated that the eif3ba mutation was asso-
ciated with the developmental defects of cranial NCCs, of which
the cardiac NCCs are descendants, we then went on to determine
whether the aberrant heart was caused by a defect of cardiac NCCs.
It is known that zebraﬁsh cardiac NCCs invade the primary heart
ﬁeld and expressmyl7 at ∼19 ss (Sato et al., 2006). If the expression of
myl7 changes at this time point, it may be caused by a change in
cardiac NCC invasion. We found that, while at 16–17 ss, the in situ
hybridization staining of myl7 did not differ between the wild-type
and the mutants (Fig. 3A, B), the myocardial boundary in the wild-
type embryos was larger and the in situ hybridization signal was
stronger than those in the mutants at 19 ss, which implies that more
migrating cells contributed to the myocardium in the wild-type
embryos at this stage (Fig. 3C, D). We also measured the region of
myl7 expression at 21 ss, and found that the myocardial wall display-
ing myl7 expression was much thicker and more darkly stained in the
wild-type embryos than in the mutant (Fig. 3E, F). Considering that
this is exactly the time when the cardiac NCCs invade the myocardial
precursors (at 19 ss), we conclude that the difference in the myocar-
dial region between the wild-type embryos and themutants is a result
of the entry of different numbers of cardiac NCCs. In addition, to
conﬁrm that there were fewer myocardial cells in the eif3ba mutant,
we performed FACS analysis to estimate the number of EGFP-positive
cells in the transgenic ﬁsh line Tg(myl7:EGFP), which speciﬁcally labels
cardiomyocytes. These results again showed that there were fewer
myocardial cells in the eif3ba mutant than in the wild-type embryo
(Supplementary Fig. 4C, D, and Fig. 3G, H).
We then proceeded to further evaluate the heart defects, and
assessed the number of cardiac NCCs that invaded the heart by
tracing a transgenic ﬁsh line Et(gata2a:EGFP)pku418, which was
identiﬁed from a large-scale enhancer-trap pool generated in our
lab (unpublished data). In this transgenic line, the Tol2 transposon
element containing a zebraﬁsh gata2 minimal promoter and an
EGFP reporter was inserted into the third intron of the nrp2b gene
(Fig. 4A). Nrp2b, a Semaphorin receptor and a member of Neuro-
pilin family, is expressed in the migrating cranial NCCs, but has not
been reported to be expressed in the heart (Hung-Hsiang Yua and
Moens, 2004; Yu and Moens, 2005). In Et(gata2a:EGFP)pku418 line,
we found that the EGFP was expressed in the ﬁrst heart ﬁeld at
∼19 ss, and the ﬂuorescent cells then continued to invade the whole
heart (Fig. 4B–E′), consistent with the previous report regarding the
activities of the zebraﬁsh cardiac NCCs (Sato et al., 2006; Sato and
Yost, 2003), which suggested that the EGFP-positive cells within the
heart of the transgenic line had probably migrated from the cranial
neural crest. The EGFP expression pattern of this transgenic ﬁsh
faithfully recapitulated that of nrp2b (Fig. 4F–H′). Under a confocal
microscope, the NCC derivatives, including cardiomyocytes derived
from cardiac NCCs, pigment cells, some neurons and glial cells, as
well as the PAs, were clearly visible in this transgenic line (Fig. 5).
In addition, most of the EGFP-positive cells in this line were cranial
neural crest derivatives, except for the cells in the gut endoderm
and spinal cord neurons, which are non-neural crest but also
express nrp2b (Hung-Hsiang Yua, 2004; Fig. 5A–L′ and Fig. 6A–F).Therefore, this ﬁsh line is useful in tracing the highly dynamic
cranial NCC development in zebraﬁsh.
In the background of this NCC-marked transgenic ﬁsh, we were
able to clearly track how the cells derive from NCCs and migrate into
the heart. The results showed that there were fewer cardiac NCCs
showing a green ﬂuorescence signal in the mutant embryos and it
was weaker than the signal in their wild-type siblings. Additionally,
the NCCs were distributed over a shorter distance in the heart tube,
and were even fainter in the OFT precursors in the mutants, whereas
there was no difference in the expression of mCherry between the
wild-type and mutant embryos in the background of another
transgenic ﬁsh Tg(ﬂk:mCherry) (Fig. 6G–H′). We isolated intact hearts
from the wild-type and eif3bamutant embryos, and performed FACS
analysis to calculate the number of EGFP-positive cells in both
groups. We found that there were fewer EGFP-positive cells that
were derived from cardiac NCCs in the mutants than in the wild-type
embryos (Supplementary Fig. 4E, F, and Fig. 6I, J). This ﬁndings
clearly demonstrate that the heart tissues of wild-type ﬁsh contain
more cardiac NCCs than those of the mutants, conﬁrming that the
heart defects of eif3ba mutants are caused by abnormal cranial NCC
development.
In zebraﬁsh, cardiac NCCs continued moving from the PAs to the
heart, participating in the formation of the OFT, and also in building
the whole heart (Li et al., 2003; Sato and Yost, 2003). In a comple-
mentary approach to analyzing the heart defects, we also examined
the development of bulbus arteriosus, a conserved tissue derived from
cardiac NCCs, which is equivalent to the OFT in the heart of higher
vertebrates. By using the transgenic ﬁsh line Tg(ﬂk:EGFP) to display the
endocardium in both wild-type and mutant embryos, we revealed the
structure and activity of the OFT continuously in live embryos.
Consistent with our hypothesis, both the structure and function of
the OFT were abnormal in the eif3ba mutants. When the structure of
the OFT started to form at ∼2 dpf in the wild-type ﬁsh, the OFT in the
mutants was still in the shape of a long tube (Fig. 7A–D′). When the
funneled structure of the OFT in the wild-type embryos was fully
formed at ∼3 dpf, it still remained as a tubular structure in the
mutants (Supplementary Fig. 4G–J). Consequently, the mutant OFT
could not close completely after each heartbeat (Supplementary
videos 4 and 5).
Supplementary material related to this article can be found
online at http://dx.doi.org/10.1016/j.ydbio.2013.06.009.
The decreased number of cardiomyocytes may help to explain
why the blood cells circulated more slowly in the eif3ba mutant
than in the wild-type embryo, since the heart could not produce
enough contractile force due to this decrease. And the abnormal
OFT formation may explain the occasional backﬂow of blood cells
in the eif3ba mutant embryos. All of the above data indicate that
the aberrant heart is a result of a developmental defect in
cardiac NCCs.
Neuroepithelium of the eif3ba mutant undergoes apoptosis, which is
rescued by down-regulation of p53
It is crucial to prevent activation of the cell death pathway during
NCC development when the NCCs are proliferating and expanding
vigorously (Stewart et al., 2010). Therefore, we evaluated cell
proliferation by immunostaining with a phospho-histone H3 (PH3)
antibody, and cell death by whole-mount TUNEL assay. While the
number of PH3-positive nuclei in the dorsal neuroepithelial region
was moderately reduced (Supplementary Fig. 5A–G); surprisingly, we
found that severe cell deaths occurred in the cranial region of the
eif3ba mutants (Supplementary Fig. 5H–L). In order to determine
whether the apoptotic cells in the cranial region occurred within the
neural crest lineage, we double-labeled the cells with TUNEL and
anti-EGFP immunoﬂuorescence staining in the background of the Et
(gata2a:EGFP)pku418 ﬁsh line, and compared the wild type and eif3ba
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Fig. 3. Heart development is affected in the eif3ba mutant as shown by myl7 in situ hybridization and FACS analyses. (A, B) At 16–17 ss, the development of the
cardiomyocytes appears normal in the mutant compared with the wild-type. (C, D) At 19 ss, the boundary of the myl7 expression region is wider and the signal is stronger in
the wild-type than in the mutant. (E, F) At 20 ss, the myocardium is thicker in the wild-type than in the mutant. (G, H) FACS analysis of the EGFP-positive cells of both wild-
type and mutant embryos (20 embryos in each group, 28 hpf), on the background of the Tg(myl7:EGFP) ﬁsh line. The number of EGFP-positive cardiomyocytes in the mutant
is signiﬁcantly fewer than that in the wild-type. WT, wild type; Mut, eif3ba mutant. (A)–(F) The embryos are in dorsal view with anterior down.
Z. Xia et al. / Developmental Biology 381 (2013) 83–96 89mutant embryos. We found that the EGFP signal overlapped with the
staining of apoptotic cells in the cranial region of the eif3ba mutants,
while there were fewer apoptotic cells in the wild-type embryos and
the EGFP signal was stronger (Fig. 8A–B″). These results demonstratethat the defect of cranial NCC development in the eif3ba mutant is
induced by considerable cell death in the cranial region.
Since the p53 pathway is well known to induce cell death, and our
mutants presented severe cranial NCC development defects, we
gene: nrp2b
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Fig. 4. Characterization of Et(gata2a:EGFP)pku418 ﬁsh line. (A) Insertion mapping result shows that the Tol2 transposon element (large green arrow) is inserted into the 3rd
intron of the nrp2b gene. The transposon insertion contains an EGFP reporter gene driven by the zebraﬁsh gata2a minimal promoter. The direction of the transposon
insertion (indicated by the direction of the green arrow) is the same as the direction of nrp2b transcription. The genomic sequence ﬂanking the transposon element is also
shown. (B)–(E′) The EGFP expression recapitulates that of nrp2b. EGFP-positive cells reach the primary heart ﬁeld (red arrows) as early as 19 ss (B, B′). By 21 ss (C, C′), the
bilateral myocardium precursors merge to form one intact heart (red arrow), and move to the left axis of the embryo. By 25 ss (D, D′), cranial NCC-derived tissues, including
brain neurons (yellow triangles, also in C), branchial arches (red triangles), pigment cells (yellow arrow) and heart (red arrow), are all clearly labeled by the green
ﬂuorescence signal. The cranial NCCs continue to migrate, and at 24 hpf (E, E′), some pigment cells (yellow arrows) in the anterior trunk start to be labeled with EGFP, and the
cardiac NCCs gradually invade the whole heart tube (red arrow). (F)–(H′) The nrp2b mRNA transcriptional pattern detected by in situ hybridization. (B–E, D′, E′, F–H) Lateral
view with anterior to the left and dorsal up; (B′, C′) dorsal view with anterior down; (F′–H′) dorsal view with anterior to the left.
Z. Xia et al. / Developmental Biology 381 (2013) 83–9690examined p53 expression in the eif3ba mutant embryos. As expected,
Western blot analysis showed that p53 expressionwas up-regulated at
protein level in the mutants compared with their wild-type siblings
(Fig. 8C). To gain further insight into how the up-regulation of p53 acts
in suppressing cranial NCC development in vivo, we investigated
whether p53 inactivation could rescue cranial NCC defects in eif3ba
mutants. We therefore explored the efﬁcacy of a p53 MO to block itsfunction in vivo. The signiﬁcantly reduced staining of crestin in the
cranial area of the mutants was recovered in the p53 MO injected
mutant embryos (Supplementary Fig. 5M–P), which supported the
existence of p53-induced cranial NCC apoptosis in the eif3ba mutants
and demonstrated a speciﬁc genetic interaction between p53 and
eif3ba during cranial NCC development. Furthermore, we crossed the
heterozygotes (eif3ba+/−) with the p53 mutant ﬁsh line (p53−/−; Zhang
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Fig. 5. Tracing the migration of cranial NCCs in Et(gata2a:EGFP)pku418 ﬁsh line during early developmental stages from 19 ss to 25 ss. (A)–(L) The dynamic EGFP expression
pattern revealed by confocal microscopy of the head (A, E, I), trunk (B, C, F, G, J, K) and heart (D, H, L) regions of the Et(gata2a:EGFP)pku418 ﬁsh line. (A, B) Pre-migratory NCCs
in the head (white triangle) and the anterior trunk (white arrow) of 19 ss embryos. (C) No EGFP-positive cells are present in the tail at 19 ss. (D) EGFP-positive cells reach the
primary heart ﬁeld (red arrows). (E)–(G) Pre-migratory and migrating NCCs in the head (white triangle) and the anterior trunk (white arrow) of 21 ss embryos. Cranial NCC-
derived tissues, including some brain neurons (yellow triangles) and some non-NCC-derived, but also nrp2b-expressing tissues, including cells in the gut endoderm (yellow
asterisks) and spinal cord neurons (red asterisk), are all labeled by the green ﬂuorescence signal. (H) By 21 ss, the bilateral myocardium precursors merge to form one intact
heart, and EGFP-positive cells are clearly detected in the primordial heart (red arrow) and branchial arches (red triangle). (I)–(L) Migrating NCCs in the head (white triangle)
and the anterior trunk (white arrow) of 25 ss embryos. Some pigment cells are labeled by the ﬂuorescence signal (yellow arrow) in addition to other EGFP-positive tissues.
(A′)–(L′) Bright ﬁeld images merged with the corresponding ﬂuorescent images from (A)–(L).
Z. Xia et al. / Developmental Biology 381 (2013) 83–96 91et al., 2012), and raised the offspring to adulthood to get eif3ba and
p53 double mutants by in-crossing the double heterozygotes from
these offsprings. In the p53−/− background, we observed the rescue
effect on the cranial NCCs in the homozygous eif3ba mutant embryos,
similar to the results from p53 MO injection (Fig. 8D–F′).
Next, we assessed whether the interaction between p53 and
Eif3b was conserved in mammalian systems by knocking downEIF3B expression through RNA interference in HeLa cells and
examining p53 expression. Three siRNA sequences (#1836,
#1387, and #1788) were designed and tested, and the EIF3B
expression levels were knocked down to various degrees. In all
these cases, EIF3B was clearly down-regulated, while p53 was
correspondingly up-regulated (Fig. 8G, H, and supplementary
Fig. 5Q, R).
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Z. Xia et al. / Developmental Biology 381 (2013) 83–9692The above results strongly indicate that signiﬁcant increase of
p53 expression due to eif3ba down-regulation is the major reason
responsible for the developmental defects of cranial NCCs in the
eif3ba mutant ﬁsh.Discussion
In this study, we revealed a special role for eif3ba in cranial
NCC development, which further directed heart formation in
zebraﬁsh. The speciﬁcity of this role was underscored in eif3ba
mutant embryos, in which the cranial NCCs migrated to andremodeled narrow regions of the PA primordium, and the tissues
derived from cranial NCCs developed abnormally (lack of facial
cartilage, and an incomplete heart looping with hypogenesis of
the OFT).
The special defects of cranial NCC development due to the
knockout of eif3ba expression probably occur through the
decreased translational efﬁciency of speciﬁc mRNAs, which are
extensively expressed in cranial NCCs during early development.
This idea is consistent with the eif3ba expression pattern at 24 hpf,
which showed stronger signals in the region of the brain and PA
primordia, and coincided with the extensive proliferation and
differentiation of the cranial NCCs.
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Fig. 7. Abnormal development of cardiac NCCs contributes to heart defects in the eif3ba mutant shown by Tg(ﬂk:EGFP) ﬁsh line. (A)–(D′) The bulbus arteriosus (OFT, arrow)
normally forms at ∼2 dpf in the wild-type, while in the mutant at the same stage, the OFT remains in the shape of a long tube. (B, B′, D, D′) Higher magniﬁcation images of the
OFT in wild-type and mutant embryos. (A)–(D) Fluorescence images captured under the confocal microscope. (A′)–(D′) Bright ﬁeld images merged with the corresponding
ﬂuorescence images from (A)–(D). WT, wild type; Mut, eif3ba mutant.
Z. Xia et al. / Developmental Biology 381 (2013) 83–96 93In higher vertebrates, like chicks or mice, the cardiac neural crest
is essential for heart development, and contributes to the septum
that separates the common OFT into aortic and pulmonary arteries
(Snider et al., 2007). The zebraﬁsh prototypical heart lacks OFT
septation, raising a controversy about the existence of cardiac NCCs.
However, several studies demonstrate that the zebraﬁsh NCCscontribute to the cardiomyocyte linage, and suggest functions other
than a role in outﬂow septation (Li et al., 2003; Sato and Yost, 2003).
Our data support the idea that the zebraﬁsh NCCs invade the whole
heart and are important for myocardium development.
Although knockout of eif3ba would be expected to lead to more
ubiquitous defects, the phenotype described here was restricted to
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result shows the up-regulation of p53 in the eif3ba mutants compared with their normal siblings (Control). (D)–(F′) In the p53−/− background, the crestin expression is
recovered in the cranial region (red triangles) and branchial primordia (red arrows) in the eif3ba mutant embryos at 24 hpf. (G) Efﬁciency and effect of EIF3B knockdown by
RNA interference in HeLa cells. The abundance of EIF3B mRNA is remarkably reduced after siRNA transfection, as shown by real-time RT-PCR (po0.01, #1836). (H) Western
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Z. Xia et al. / Developmental Biology 381 (2013) 83–9694a cranial NCC developmental defect. One reason could be that
eif3ba is mainly expressed in the region where the cranial NCCs
expand, and it may regulate cranial NCC development there at a
speciﬁc stage; another possibility is that the cranial NCCs are more
sensitive than trunk NCCs during early development. The cranial
NCCs are the ﬁrst clone to migrate out of the neuroepithelium; this
is much earlier than trunk NCCs (Bronner and LeDouarin, 2012;
Gammill and Roffers-Agarwal, 2010; Milet and Monsoro-Burq,
2012; Ruhrberg and Schwarz, 2010), and then they generate some
complex structures such as the cranial cartilage tissue, which
requires much more metabolic activity than that of the trunk
region. Considering this, it is reasonable to suggest that, cranial
NCC development is more vulnerable to eif3ba knockout. Thus,
eif3ba may play a speciﬁc role in regulating cranial NCC develop-
ment, which was previously unknown.
In this study, we used a novel transgenic ﬁsh line Et(gata
2a:EGFP)pku418 to trace cranial NCC migration during early develop-
mental stages. The tracing results conﬁrmed previous studies of
zebraﬁsh cardiac NCCs, i.e., they migrate to the ﬁrst heart ﬁeld at∼19 hpf (Sato et al., 2006), and then continue to enter the heart to
form the OFT as well as participate in constructing the whole heart (Li
et al., 2003; Sato and Yost, 2003). This transgenic zebraﬁsh line affords
a convenient and reliable means of studying the migration of cranial
NCCs (including cardiac NCCs), during early development in zebraﬁsh.
Here, we also found that the protein level of p53 was up-regulated
in eif3ba mutant embryos, which most likely led to apoptosis in the
neuroepithelium. Although p53 is reported to be readily up-regulated
in sensitive tissues during cellular stress (Danilova et al., 2010), we did
not detect deﬁciencies in the development of blood cells at 24–28 hpf
(Supplementary Fig. 2A, B, G, H) in the mutant, while crestin staining
was exclusively reduced in the head region. Another house-keeping
gene, leo1, which is a component of the Polymerase-Associated Factor
complex (an evolutionarily conserved protein complex involved in
gene transcription regulation and chromatin remodeling) has also
been reported to affect NCCs by others (Nguyen et al., 2010). However,
the abnormal phenotype in their report extended to the whole trunk
area, while the pharyngeal arches were normal but with a less
healthy heart than that of our eif3ba mutants.
Z. Xia et al. / Developmental Biology 381 (2013) 83–96 95We hypothesize that the Eif3ba protein interacts with other
factors to prevent p53 translation; when the Eif3ba is absent, the
p53 signaling turns on, and then halts cranial NCC development.
Additional work is needed to determine what other factors this
Eif3ba-mediated regulation relies on in inhibiting p53 expression
during normal development. Nevertheless, perhaps down-
regulation of p53 deserves to be considered as a treatment for
neurocristopathies, considering the alleviatory effect of p53 shown
by our and others' data (Jones et al., 2008).
Many human congenital diseases are caused by mutations in
ubiquitously expressed house-keeping genes; however, these dis-
eases usually display speciﬁc neurocristopathy symptoms due to the
abnormal development of neural crest (Bajpai et al., 2010; Jones et al.,
2008; Stewart et al., 2010). Most patients experience craniofacial
skeletal disorders and cardiovascular defects, as well as eye pro-
blems, ear anomalies, respiratory problems, skin diseases and growth
retardation (Coppin and Temple, 1997; Katsanis and Jabs, 1993). In
eif3ba mutant zebraﬁsh, the phenotypes related to neurocristopathy
were comparable and evident, including the malformations of the
craniofacial cartilage with microcephaly and microphthalmia,
delayed pigment cell development, and heart defects with abnormal
circulation. Since many genes involved in neurocristopathies are
those essential for cell survival (house-keeping genes), EIF3B may be
considered as a new candidate gene whose mutation causes neuro-
cristopathies with unknown causative genes.
In addition, this report provides a potential model to mimic
congenital diseases due to cranial NCC defects. More importantly,
through detailed analyses of the zebraﬁsh eif3ba mutant, we
revealed the concept that neural crest is one of the primary and
most sensitive tissues to be affected in response to house-keeping
gene mutations, which is consistent with the fact that complex and
related symptoms in human neurocristopathies usually result from
house-keeping gene mutations. Future work will focus on reﬁning
the functions and mechanisms of eif3ba in the cranial NCC devel-
opment as well as in congenital diseases by the identiﬁcation of
Eif3ba-related regulators and dissection of their potential roles in
these processes using newly available reverse genetic approaches
(Huang et al., 2012; Xiao et al., 2013).
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